A plasma model of quasars and radio galaxies by Sturrock, P. A.
A Plasma Model of Quasars and 
Radio Galaxies 
bY 
P. A. Sturmck 
Lectures Presented at International School of Physics “Enrico Fermi“ 
29th Course, Plasma Astrophysics, Varenna, Italy, July 1966 
Reporter: P. A. Feldman 
Technical SUIPR Report No. 99 
OG 1766 
Prepared under 
Air Force Office of Scientific Research 
Coniraci AF 49(638i-1S2lI 
NASA Grant NSG-703 
and 
Off ice of Naval Research 
Contract ONR No0014 - 67-A-01 12-006 
8 , .  
-14 0 \r 2- .:. 7 L n  9 0 7 9 
> / e -vr/ I 
(ACCESSION UMBER) (THRU) 
a 
P R -  ‘3 O (CODE) k (PAGES) 
(CATE6ORY) 
f&55’ 3 2 
INASkCR OR TUX OR AD NUMBER) 
STANFORD UNIVERSITY, STANFORD, CALIFORNIA 
INSTITUTE FOR PLASMA RESEARCH 
https://ntrs.nasa.gov/search.jsp?R=19670009750 2020-03-16T18:17:16+00:00Z
A PLASMA MODEL OF QUASARS AND RADIO GALAXIES 
by 
P. A .  S tu r rock  
Lec tu res  Presented  a t  I n t e r n a t i o n a l  School of Phys ics  "Enrico Fermi" 
29th  Course,  Plasma Ast rophys ics ,  Varenna, I t a l y ,  July 1966 
Reporter:  P .  A.  Feldman 
R e p r o d u c t i o n  i n  w h o l e  o r  i n  p a r t  
i s  p e r m i t t e d  f o r  a n y  p u r p o s e  o f  
t h e  U n i t e d  S t a t e s  G o v e r n m e n t .  
Technica l  SUIPR Report  N o .  99 
Prepared tinder 
A i r  Force Off i c e  of S c i e n t i f i c  Research 
Contract  AF 49(638)-1321, 
NASA Grant  NSG-703 
and 
O f f i c e  of Naval Research 
Cont rac t  ONR N00014-67-A-0112-006 
I n s t i t u t e  f o r  Plasma Research 
S tan fo rd  Univers i ty  S tan fo rd ,  C a l i f o r n i a  
PREFACE 
Since t h i s  
a p p r o p r i a t e  f o r  
s t e l l a r  o b j e c t s  
i s  a school  of p lasma-as t rophys ics ,  i t  seems p a r t i c u l a r l y  
us  here  t o  dea l  wi th  t h e  phenomena a s s o c i a t e d  wi th  quas i -  
( q u a s a r s )  as  plasma phenomena and t o  see how much p rogres s  
can  be made. Admit tedly,  t h i s  w i l l  a t  b e s t  be a p a r t i a l  t rea tment  of t h e  
problem, s i n c e  i t  w i l l  omit atomic and nuc lea r  p rocesses ;  but  i t  does seem 
t o  o f f e r  t h e  b e s t  hope of unders tanding  t h e  obse rva t ions  of high-energy 
r a d i a t i o n ,  and it does l ead  t o  a model of what t h e s e  o b j e c t s  a r e  and how 
they  form, which can then be s tud ied  from o t h e r  p o i n t s  of view. 
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remains an open q u e s t i o n ,  i t  seems 1 , 2 9 3  A .  Although t h e  na tu re  of quasars  
t h a t  t h e r e  a r e  a number of similari t ies between t h e  q u a s i - s t e l l a r  r a d i o  
sources  and convent iona l  r a d i o  g a l a x i e s .  
1. The r a d i o  c louds  produced by both types  of  o b j e c t  have s imilar  
s p e c t r a .  (However, t h e  "poin t"  r a d i o  source of a quasar  t y p i c a l l y  
shows a f l a t t e r  spectrum wi th  low-frequency c u t - o f f .  ) 
2 .  Double s t r u c t u r e  i s  c h a r a c t e r i s t i c  of r a d i o  c louds  of both types  of 
3 .  A t  l e a s t  one r a d i o  galaxy (NGC 1275) d i s p l a y s  one of t h e  most s t r i k -  
4 .  One quasa r ,  t h e  n e a r e s t  one (3C273), shows a very clear j e t  ( v i s i b l e  
o b j e c t s  . 
4 i n g  c h a r a c t e r i s t i c s  of quasars, t h a t  of r a d i o  v a r i a t i o n s .  
most l i k e l y  by o p t i c a l  synchrotron r a d i a t i o n ) ;  a t  least  one r a d i o  
galaxy (M87) shows a similar j e t .  
5 5. The c l a s s i f i c a t i o n  of r ad io  sources  by Matthews, Morgan and Schmidt 
shows t h a t  t h e  sequence of i n c r e a s i n g  luminosi ty  i s  a l s o  a morpho- 
l o g i c a l  sequence,  i n  the  course  of which t h e  nucleus becomes sma l l e r  
and more b r i l l i a n t .  Quasars are a t  t h e  end of t h i s  sequence. 
The explos ions  of  quasa r s  and t h e  explos ions  i n  c e r t a i n  g a l a x i e s  t h a t  
are s t rong  r a d i o  emitters are probably q u i t e  s imilar .  In  both  cases a 
g r e a t  q u a n t i t y  of energy i s  suddenly r e l e a s e d  as r e l a t i v i s t i c  charged par -  
t i c l e s ,  t h e  k i n e t i c  energy of e j e c t e d  gas  c louds ,  and poss ib ly  o t h e r  forms. 
I t  i s  gene ra l ly  be l i eved  t h a t  t h e  observed r a d i o  emission i s  produced by 
t h e  i n t e r a c t i o n  of high-energy e l e c t r o n s  wi th  magnetic f i e l d s .  However, 
s i n c e  no theory  has  been developed t h a t  accounts  f o r  t h e  exp los ions  i n  
s t rong ly -emi t t i ng ,  convent ional  r a d i o  g a l a x i e s ,  i t  i s  not  p o s s i b l e  t o  
understand quasa r s  by d i r e c t  analogy wi th  t h e i r  ( a p p a r e n t l y )  c l o s e s t  
" r e l a t i v e s .  
Apart from geophys ica l  phenomena and s i m i l a r  e v e n t s  on J u p i t e r ,  only 
two o t h e r  exp los ive  a s t rophys ica l  e v e n t s ,  supernovae and solar f l a r e s ,  are 
known t o  gene ra t e  high-energy p a r t i c l e s  and thereby  produce nonthermal 
r a d i o  emiss ion .  Both phenomena should be cons idered  f o r  t h e i r  p o s s i b l e  
a p p l i c a b i l i t y  t o  a n  explana t ion  of t h e  p r o p e r t i e s  of q u a s i - s t e l l a r  sources  
and r a d i o  g a l a x i e s .  
There a r e  a number of cons ide ra t ions  t h a t  a rgue  a g a i n s t  i d e n t i f y i n g  
explos ions  i n  quasa r s  w i th  supernova-like exp los ions .  For example, 
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supernova explosions are expected t o  be s p h e r i c a l l y  symmetrical  r a t h e r  
than h ighly  asymmetric. Supernova explos ions  a r e  expec ted  t o  release a 
f a i r l y  w e l l  def ined amount of energy ,  whereas exp los ions  i n  r a d i o  ga lax-  
ies or quasa r s  release amounts of energy cover ing  a very wide range of 
magnitude. 
small  amounts of ene rgy . )  
(Minor " f l a r e s "  or " f l a shes"  i n  quasa r s  release comparat ively 
Some a t t e n t i o n  has  been g iven  t o  t h e  p o s s i b i l i t y  t h a t  a s t a t i s t i c a l  
occurrence of supernovae i n  a massive,  h igh ly  compact galaxy might account  
f o r  t h e  puzz l ing ,  shor t -per iod  t i m e  v a r i a t i o n s  e x h i b i t e d  by a number of 
quasa r s ,6  but  no model of t h i s  s o r t  can account for t h e  major exp los ions  
of quasa r s .  
i t y  of t h e  supernova mechanism t o  t h e  problem of q u a s i - s t e l l a r  exp los ions ,  
one could hope t o  o b t a i n  only  t h e  b a r e s t  phenomenological understanding 
of quasa r s  by employing t h e  c u r r e n t ,  rudimentary t h e o r i e s  of supernovae. 
C l e a r l y ,  one i s  no t  going t o  g e t  very f a r  w i th  t h i s  approach. 
Even i f  a good case could be cons t ruc t ed  for t h e  a p p l i c a b i l -  
On comparing t h e  p r o p e r t i e s  of s o l a r  f l a r e s  w i t h  t h e  obse rva t ions  of 
g a l a c t i c  and quasar e x p l o s i o n s ,  w e  were pe r sona l ly  impressed by t h e  s t r i k -  
i ng  s i m i l a r i t i e s  on a number of key p o i n t s .  W e  do no t  want t o  go through 
these  comparisons i n  d e t a i l  a t  t h i s  s t a g e  of our  d i s c u s s i o n ,  bu t  two 
p o i n t s  i n  p a r t i c u l a r  a r e  worth mentioning now. 
1. Both f l a r e s  and quasar  explos ions  show a d i r e c t i v e  n a t u r e .  The 
s h a r p e s t  d i r e c t i o n a l i t y  y e t  observed i n  quasa r s  i s  t h e  j e t  of 
3 C  273. Something l i k e  t h i s  i s  known t o  occur  on t h e  sun: t h e  
Type I1 rad io  b u r s t s 7  t h a t  are produced i n  a s s o c i a t i o n  wi th  f l a r e s  
a r i se  from s i m i l a r l y  narrow je t s  of plasma. 
2 .  Both f l a r e s  and quasa r s  appear  t o  conver t  r e l a t i v e l y  l a r g e  f r a c t i o n s  
of t h e i r  a v a i l a b l e  energy i n t o  high-energy p a r t i c l e s ,  which sub- 
sequent ly  g ive  r ise t o  e lec t romagnet ic  r a d i a t i o n .  
Th i s  i s  a most important c o n s i d e r a t i o n ,  t o  which P r o f .  G .  R .  Burbidge 
has  r e f e r r e d  t o  i n  h i s  l e c t u r e s , 8  s t r e s s i n g  t h e  s u r p r i s i n g l y  h igh  apparent  
e f f i c i e n c y  of " g a l a c t i c  a c c e l e r a t o r s "  compared wi th  man-made a c c e l e r a t o r s .  
I t  i s  ou r  view t h a t  t h e  s i g n i f i c a n c e  of t h i s  comparison i s  t h a t  a s t rophys i -  
c a l  a c c e l e r a t o r s  a r e  much s impler  i n  c o n s t r u c t i o n  than  man-made accelera- 
t o r s .  I f  a machine i s  t o  have a low e f f i c i e n c y ,  t h e r e  must be p a r t s  which 
can d i s s i p a t e  energy i n  compet i t ion  wi th  t h e  p a r t i c l e s  which a r e  be ing  
a c c e l e r a t e d .  I f  a machine i s  so simple t h a t  no such p a r t s  e x i s t ,  t h e  
e f f i c i e n c y  must be h igh .  
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. 
B .  W e  now proceed on t h e  assumption t h a t  t h e  p r i n c i p a l  p r o p e r t i e s  of  
quasa r s  can be understood f a i r l y  d i r e c t l y  as  plasma phenomena. Super- 
e f f i c i e n t  nuc lea r  p rocesses ,  g r a v i t a t i o n a l  c o l l a p s e ,  an t i -ma t t e r  a n n i h i l a -  
t i o n ,  and o t h e r  e x o t i c  energy product ion mechanisms w i l l  no t  be invoked. 
The p r i n c i p a l  d i f f i c u l t y  in  d i s c u s s i n g  t h e  problem i n  t h i s  con tex t  
i s  t h a t  o f  understanding t h e  s t r u c t u r e  and s t r e n g t h  of t h e  magnetic f i e l d  
t h a t  i s  a s s o c i a t e d  wi th  quasars .  L a t e r ,  t h e  o r i g i n  and t h e  p o s s i b l e  e f -  
f ec t s  of  t h e  f i e l d  can be considered q u i t e  n a t u r a l l y .  Although d i r e c t  
and d e t a i l e d  obse rva t ions  of  the magnetic f i e l d  a r e  no t  a v a i l a b l e ,  w e  
b e l i e v e  t h a t  c e r t a i n  s e n s i b l e  s t a t emen t s  can a l r e a d y  be made. 
1. 
2. 
3 .  
3C 47 and a number of o the r  quasa r s  have a double radio-cloud 
s t r u c t u r e 2  (see F i g .  1) .  
I t  i s  be l i eved  t h a t  a magnetic f i e l d  i s  p r e s e n t  i n  t h e  c louds  s i n c e  
t h e  r a d i o  emission t h a t  i s  d e t e c t e d  seems t o  be produced by t h e  
synchro t ron  mechanism. 
I n  g e n e r a l , . t h e  conf igu ra t ion  of t h i s  magnetic f i e l d  can be charac-  
t e r i z e d  as  e i t h e r  "closed" or "open." The former assumption l e a d s  
t o  t h e o r e t i c a l  d i f f i c u l t i e s ,  e s p e c i a l l y  wi th  r ega rd  t o  e n e r g e t i c s .  
Namely, t h e r e  i s  a magnetic-energy problem i n  t h e  sense  t h a t  t h e  energy 
of t h e  magnetic f i e l d  
"at p re sen t "  s i n c e  t h e  f i e ld -con ta in ing  r eg ion  probably expanded by a 
f a c t o r  of a t  least  100, and poss ib ly  much more, i n  a t t a i n i n g  i t s  "present"  
s i z e .  4 1 ~ 0 ,  t h e r e  i s  an  e l ec t ron -dece le ra t ion  problem i n  t h e  sense  t h a t  
a 100 t o  1 t r a n s v e r s e  expansion of  t h e  magnetic f i e l d  would have r e s u l t e d  
i n  a r educ t ion  of t h e  energy of t h e  r a d i a t i n g  p a r t i c l e s  (E  a R ) by a 
f a c t o r  of  100. Thus,  much h igher  p a r t i c l e  e n e r g i e s  would be r equ i r ed  a t  
t h e  t i m e  of  t h e  o r i g i n a l  explos ion  than  a t  t h e  t i m e  of t h e  r a d i o  emission 
t h a t  i s  c u r r e n t l y  observed.  I t  does no t  h e l p  very much t o  assume t h a t  t h e  
magnetic f i e l d  i s  c losed  b u t  t i e d  t o  t h e  nuc leus ;  much t h e  same energy 
d i f f i c u l t i e s  remain.  
(WM a R-') must once have been much g r e a t e r  than 
-1 
The magnetic f i e l d  i n  the  r a d i o  cloud must t hen  be open and a t t a c h e d  
i n  some way to  t h e  i n t e r g a l a c t i c  f i e l d .  Accordingly,  i t  must be a prime- 
v a l  f i e l d .  
f i e l d  i n  terms of some dynamo p rocess  seems u n l i k e l y  i n  t h e  case of very 
massive stars or g a l a x i e s .  I t  would seem t h a t  t h e  most s e n s i b l e  assump- . 
t i o n  under  t h e  circumstances,  i nc lud ing  our  p r e s e n t  l a c k  o f  knowledge 
(An a l t e r n a t i v e  explana t ion  o f  t h e  o r i g i n  of t h e  magnetic -
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F I G .  1. TYPICAL DOUBLE STRUCTURE OF RADIO SOURCES. 
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, 
about  dynamo mechanisms, i s  t h a t  t h e  magnetic f i e l d  of q u a s i - s t e l l a r  
objects i s  of  pr imeval  o r i g i n . )  
If t h e  magnetic f i e l d  ir, the r a d i o  c l o u d ( s )  i s  open, e i t h e r  i t  i s  
coupled t o  t h e  nuc leus  or it i s  n o t .  The l a t t e r  p o s s i b i l i t y  l e a d s  t o  
formidable  d i f f i c u l t i e s ;  f o r  i n s t a n c e ,  how would high-energy p a r t i c l e s  
and o t h e r  e j e c t e d  ma t t e r  g e t  from t h e  massive nucleus (where t h e  energy 
r e s i d e s )  t o  t h e  p o s i t i o n  of the  r a d i o  cloud? 
conduct ing plasma cannot very w e l l  t r a v e l  a c r o s s  f i e l d  l i n e s .  Hence, w e  
are  l e d  t o  cons ide r  a magnetic f i e l d  t h a t  i s  open, of primeval o r i g i n ,  
and coupled t o  t h e  "galaxoid" (see F i g .  2 below).  The t e r m  "galaxoid" 
w i l l  be used i n d i s c r i m i n a t e l y  f o r  a g a l a c t i c  nucleus or an o p t i c a l  quas i -  
s t e l l a r  o b j e c t .  Th i s  i s  only a rough p i c t u r e  t h a t  w i l l  be modified and 
r e f i n e d  a s  w e  cont inue  the  d i scuss ion .  
Charged p a r t i c l e s  and h ighly  
I -  
l -  
I .  
C .  I f  t he  cosmological i n t e r p r e t a t i o n  of t h e  l a r g e  red  s h i f t s  of quas i -  
s te l lar  sources  i s  accepted (and it seems t o  pose more problems than  it 
s o l v e s  t o  adopt t h e  " loca l "  hypo thes i s ) ,  t h e  problem of e n e r g e t i c s  i m -  
media te ly  comes t o  t h e  f o r e .  Whether t h e  energy output  i s  de r ived  from 
g r a v i t a t i o n a l  or nuclear  processes ,  masses of  t h e  o rde r  of 
l a r g e r  are necessary  t o  exp la in  t h e  observed r a d i a t i o n  f l u x e s .  Despi te  
t h e s e  huge masses t h e  observed l i g h t  v a r i a t i o n s  r e q u i r e  t h e  o p t i c a l  ob- 
j ec t s  t o  be quite s m a l l ,  of the o r d e r  of  a l i g h t  week or less. 
8 
10 Mg or 
I t  i s  no t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  many e a r l y  t h e o r e t i c a l  a t t empt s  
t o  understand t h e  n a t u r e  of t h e s e  o b j e c t s  concent ra ted  on t h e  behavior  of 
super-massive stars! I n s t a b i l i t i e s  were sought t h a t  would release energy 
i n  both t h e  r i g h t  amount and the  proper  forms. I t  w a s  found t h a t  massive 
gas-  and rad ia t ion-suppor ted  bodies  are c h a r a c t e r i z e d  by a 
very  c l o s e  t o  413. 
i s  u n s t a b l e .  R e l a t i v i s t i c  e f f e c t s  have t h e  e f f e c t  of reducing t h e  poly- 
t r o p e  index so t h a t  i n s t a b i l i t i e s  of  r e l a t i v i s t i c  o r i g i n  occur .  However, 
t h e  r e s u l t i n g  energy output" i s  i n s u f f i c i e n t  t o  e x p l a i n  t h e  amount of 
energy r e l eased  i n  a l a r g e  quasar exp los ion .  Moreover, t h e r e  i s  no pro-  
v i s i o n  i n  t h e s e  models t o  exp la in  t h e  forms of t h e  energy release,  such 
a s  h ighly  a c c e l e r a t e d  p a r t i c l e s .  
phenomena ( a c c e l e r a t i o n  and r a d i a t i o n )  a s s o c i a t e d  wi th  q u a s a r s ,  Maxwell 's  
t h a t  i s  
I f  t h e  poly t rope  index i s  less than 4/3, t h e  o b j e c t  
9 
I n  o r d e r  t o  d e a l  w i th  t h e  e l ec t romagne t i c  
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FIG. 2. OPEN TOPOLOGY OF MAGNETIC FIELD AND 
ITS CONNECTION TO OPTICAL OBJECT. 
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equations must enter the calculations. If this statement i s  accepted, it 
follows that any theory of quasars which does not involve Maxwell’s equa- 
tions must be wrong. 
Let us examine the consequences of assuming that the massive optical 
nuclei of quasars are supported by magnetic stresses in addition to gas 
and radiation pressure. The strength of the field inside the central ob- 
ject can be estimated from the flux derived from radio observations of 
the associated radio cloud(s). 
Matthews and Schmidt of the estimated dimensions and magnetic field 
strengths of a number of strong galactic radio sources that the magnetic 
flux threading a radio cloud is typically of order l O 4 l  gauss cm’. 
this entire flux threads an object of the dimensions of one light month 
( -  lOI7 cm), the magnetic field inside would be of the order of 10 gauss. 
Although this value may be too high because of uncertainties in the appro- 
priate parameters for the radio cloud, it is difficult to avoid the con- 
clusion that fields of the order of a million gauss are present inside the 
nucleus, and that magnetic stresses are by no means negligible in deter- 
mining the structure of these objects. 




A simplified first approach might be to consider a static model in 
which the magnetic stresses are primarily responsible for balancing the 
self-gravitational attraction of the mass and preventing its collapse. 
This is consistent with t h e  idea t h a t  i? flare-like mechanism is operative 
in quasars since the energy released by this mechanism is likely to be 
mostly magnetic in origin. The gravitational binding energy W of a 
roughly spherical object of fixed mass and varying characteristic dimension 
R varies as R . The magnetic energy W., associated with a field of 
GB 
-1 
IVl -1 -2 given shape but varying scale varies as R since B 0: R if the 
magnetic flux is fixed. Since both W and W vary as 1 / R ,  the mag- 
netic field is capable of providing neither stability nor instability, 
only gross neutral stability, in this nonrelativistic treatment. More- 
over, the assumption that the magnetic field is primarily responsible for 
counteracting gravitational self-attraction is unattractive since plasma 
would then tend to collect in a minimum energy state determined by the 
magnetic field configuration, as indicated schematically in Fig. 3 .  
GB M 




F I G .  3 .  STRUCTURE OF OBJECT I N  THE CASE THAT PRESSURE 
IS NEGLIGIBLE. 
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W e  want t o  be a b l e  t o  dea l  wi th  a wider v a r i e t y  of forms than t h i s  
r e s t r i c t i o n  would seem t o  al low.  Also,  t h e r e  i s  t h e  t h e o r e t i c a l  d i f f i -  
c u l t y  t h a t  t h i s  minimum energy s ta te  i s  one i n  which t h e  dens i ty  e i t h e r  
vanishes  or d ive rges  a t  each po in t .  Th i s  s i t u a t i o n  arises because gas  
can flow f r e e l y  a long  f i e l d  l i n e s  and w i l l  c o l l e c t  a t  t h e  po in t  or p o i n t s  
of lowest g r a v i t a t i o n a l  p o t e n t i a l  on each f i e l d  l i n e .  C l e a r l y ,  whi le  
t h e  g r a v i t a t i o n a l  f o r c e  normal to  the  f i e l d  l i n e s  may be balanced p r i -  
mar i ly  by magnetic stresses, some o t h e r  f o r c e  must  be r e spons ib l e  f o r  
prevent ing  g r a v i t a t i o n a l  co l l apse  along t h e  f i e l d  l i n e s .  I f  t h i s  r o l e  
i s  ass igned  t o  o rd ina ry  gas  p re s su re ,  temperatures  of t h e  o r d e r  of lo9  O K  
are needed. Again, w e  would be faced  wi th  t h e  s - t ruc ture  and s t a b i l i t y  
problems of rad ia t ion-suppor ted ,  super-massive o b j e c t s .  These w e  are 
most anxious t o  avoid .  
D .  The observed o p t i c a l  and r a d i o  f l u c t u a t i o n s  i n d i c a t e  t h a t  quasa r s  a r e  
n o n s t a t i c ;  t h e  in f luence  of plasma turbulence  on t h e  s t a b i l i t y  p r o p e r t i e s  
should t h e r e f o r e  be  considered.  
The e f f e c t i v e  value of y f o r  hydromagnetic tu rbulence  i n  t h e  pre-  
sence of a s t r o n g  magnetic f i e l d  can be obta ined  by  a s imple argument. 
I n  t h i s  case t h e  plasma motion may be analyzed i n t o  a supe rpos i t i on  of 
hydromagnetic waves wi th  phase v e l o c i t i e s  determined b y  t h e  Alfvkn speed 
Now, cons ide r  a system wi th  a t ime-varying c h a r a c t e r i s t i c  dimension R 
t h a t  changes s l o w l y  i n  comparison wi th  t h e  wave f r equenc ie s .  Then t h e  
energy of each  mode w i l l  vary a s  t h e  wave frequency according t o  t h e  
a d i a b a t i c  theorem. The d i spe r s ion  r e l a t i o n  f o r  t h e  M H D  modes i s  




Lu = v  
i f  t h e  gas  temperature  i s  low enough f o r  t h e  Alfv6n speed t o  be much 
g r e a t e r  than t h e  speed of sound. Therefore ,  a s  t h e  s c a l e  changes s lowly ,  
t h e  energy of each  mode Ew var ies  as  
- 9 -  
a o a v k .  ( 3 )  EW A 
C l e a r l y ,  t h e  wave numbers w i l l  change i n v e r s e l y  wi th  t h e  s c a l e ,  i . e . ,  
( 4 )  
-1 
k a R  . 
Theref o re  
Ew a R - l  . ( 5 )  
I f  t h e  s y s t e m  i s  confined t o  a "box" so t h a t  t h e  magnetic f l u x  0 and 
t h e  mass M a r e  c o n s t a n t s  dur ing  t h e  change of scale,  
0 -2 




Theref o r e ,  
-312 a R  
EW 
f o r  any wave number k. 
Since  t h e  ene rg ie s  (and t h e  f r equenc ie s )  of a l l  t h e  modes w i l l  change 
of t h e  waves w i l l  a l s o  
ET i n  t h e  same p ropor t ion ,  t h e  t o t a l  energy 
change i n  t h a t  p ropor t ion :  
-312 a R  
ET 
of t h e  hydromagnetic tu rbulence  w i l l  be a 
pT The e f f e c t i v e  p r e s s u r e  
m u l t i p l e  of t h e  energy dens i ty  of t h e  tu rbu lence .  The re fo re ,  
( 9 )  
ET -912 a - a R  
'T R3 
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Using Eq. (7), w e  f i n d  t h a t  
PT a P 312 
i n d i c a t i n g  t h a t  
S ince  3/2 > 4/3, 
l i z i n g  in f luence .  
i t  would appear t h a t  MHD turbulence  can e x e r t  a s t a b i -  
E .  Now w e  can proceed t o  i n v e s t i g a t e  t h e  equ i l ib r ium s t a t e  and t h e  
s t a b i l i t y  of t h e  nuc leus .  Ins tead  of beginning wi th  a v i r i a l  theorem, 
w e  fo l low an  equ iva len t  procedure us ing  t h e  p r i n c i p l e  of  v i r t u a l  work. 
The t o t a l  energy Wo is given approximately by 
w = w  + w  + w  - w  + w  - w  
O K T M  GB MR GBR ' 
where WK 
r a d i a l  p u l s a t i o n s ) ;  WT i s  the t o t a l  energy of MHD tu rbu lence ;  
i s  t h e  magnetic energy a s soc ia t ed  wi th  the  l a rge - sca l e  f i e l d ;  and W 
i s  the  g r a v i t a t i o n a l  binding energy. W and W are  t h e  pos t -  
12 
7:ewtoni.a:: r e l a t i v i s t i c  c o r r e c t i o n s  t o  t h e  magnetic energy and t h e  g rav i -  
t a t i o n a l  b inding  energy ,  r e spec t ive ly .  Only t h e s e  c o r r e c t i o n s  need be 
and W a r e  t h e  dominant c o n t r i b u t i o n s  t o  t h e  t o t a l  included i f  
energy .  The e f f e c t  of r o t a t i o n  i s  assumed t o  be n e g l i g i b l e .  





Consider t h e  s p e c i a l  case  of r a d i a l  p u l s a t i o n s  of a s p h e r i c a l l y  symmet- 
r i c  mass. The n o n - r e l a t i v i s t i c  q u a n t i t i e s  W W and W a r e  given 
K '  M '  GB 
by 
W K 2  = ' / p  v2 r dV 
W M = LJF32 8n dV 
and 
- 11 - 
, 
where v i s  t h e  macroscopic r a d i a l  v e l o c i t y  of t h e  p u l s a t i o n s  and M 
r r 
i s  t h e  mass within a sphere of r a d i u s  r .  One f i n d s  from t h e  formulas  
12  
given by Fowler t h a t  t h e  post-Newtonian c o r r e c t i o n s  WMR and W GBR 
are given by 
and 2 2  
2 2 2  c r  
p dV . w = / ” -  Mr 
GBR 
Note t h a t  t h e  in tegrands  i n  Eqs. (17 )  and (18) d i f f e r  from t h e  in t eg rands  
i n  Eqs. (15) and ( 1 6 ) ,  r e s p e c t i v e l y ,  by a f a c t o r  of t h e  o r d e r  of  
s r  2GMr R 
c r  
--L 
2 -  r ’  
where R i s  t h e  Schwarzschild r a d i u s  corresponding t o  t h e  mass M . 
s , r  r 
A necessary cond i t ion  f o r  equ i l ib r ium may be ob ta ined  by us ing  t h e  
p r i n c i p l e  of v i r t u a l  work a s  fo l lows:  assume t h a t ,  f o r  some c o n f i g u r a t i o n ,  
W = 0 and then r e q u i r e  t h a t  a f i r s t - o r d e r  change of t h e  conf igu ra t ion  
does n o t  r e s u l t  i n  a f i r s t - o r d e r  change i n  
t i o n  i s  simply a change of scale t h a t  p re se rves  t h e  s p h e r i c a l  symmetry ,  t h e  
magnetic f l u x ,  and t h e  mass, i t  i s  clear from Eqs. (15) through (18) t h a t  
K 
WK. 
I f  t h e  change of conf igura-  
The scale dependence of WT i s  given by Eq. ( 9 ) :  
Now cons ide r  a small change of  scale 
R -* (1 - E )  R . 
- 12  - 
I .  The va r ious  c o n t r i b u t i o n s  to  t h e  t o t a l  energy of t h e  conf igu ra t ion  a r e  
then t h e  fol lowing:  
- w -+ (1 - E)-1 WM = (1 + E )  w 
M M 
n.. w + (1 - w = (1 + E )  w 
GB GB GB 
-2 n.. 
WMR + (1 - E )  WMR = (1 + 2 4  WMR 
'GBR 
.-u 
GBR + (1 - E ) - 2  WGBR = (1 + 2 E )  w 
-3 /2 3 
T w + (1 - E )  T 
where only f i r s t - o r d e r  terms i n  E have been r e t a i n e d .  Applying t h e  
p r i n c i p l e  of v i r t u a l  work ,  w e  o b t a i n  t h e  equ i l ib r ium cond i t ion  
3 - w  + w  - w  + 
2 T  M GM 
I n  o r d e r  t o  d i s c u s s  s t a b i l i t y ,  
second o r d e r  i n  t h e  small quan t i ty  
p u l s a t i o n s ,  E m u s t  be allowed t o  
Wo 
can then be expressed i n  terms 
6 )  as fo l lows:  
- 2 w  = o .  ( 2 2 )  2 w ~ ~  GBR 
however, i t  i s  necessary  t o  work t o  
E .  S ince  w e  wish t o  d e a l  wi th  r a d i a l  
be t i m e  dependent.  The t o t a l  energy 
of an expansion i n  powers of E (and 
1 2  1 . 2  W o + W  + E W  + - - E W  + - I €  + . . .  0 1 2  2 2  
W1 i s  j u s t  t h e  le f t -hand  s i d e  of Eq. ( 2 2 ) :  
3 w = - w  + w  - 1 2 T M 'GM + 2wMR - 2 w G B ~  1 
which i s  z e r o  i f  t h e  s ta te  E = 0 i s  an equ i l ib r ium s t a t e ,  and W2 i s  
g iven  by 
w - -  3 w  + 2 w  - 2 w  
2 - 4  T MR GBR ' 
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where use has  been made of t h e  equ i l ib r ium c o n d i t i o n  i n  Eq. ( 2 2 ) .  
l a s t  t e r m  i n  E q .  (23)  i s  t h e  second-order c o n t r i b u t i o n  from 
W K ,  
The 
i . e . ,  
where 
I = /p r2  dV . 
Before tak ing  up t h e  ques t ion  of s t a b i l i t y ,  l e t  u s  examine t h e  equi -  
l i b r ium s ta te  (assuming t h a t  one does ,  i n  f a c t ,  e x i s t ) .  S ince  W and 
W are taken  t o  be much l a r g e r  than  t h e  o t h e r  c o n t r i b u t i o n s  t o  t h e  f i r s t -  
o r d e r  energy term, Eq. (22)  y i e l d s  t h e  approximate r e l a t i o n  
M 
GB 
WM WGB . 
This  i s  a very i n t e r e s t i n g  r e s u l t ,  a s  w e  s h a l l  see. 
Consider ,  f o r  example, t h e  s imple model of a sphere  of r a d i u s  R and 
m a s s  M w i th  uniform d e n s i t y  p.  The i n t e r n a l  magnetic f i e l d  B i s  taken  
t o  be uniform,  while t h e  e x t e r n a l  f i e l d  i s  ( f o r  s i m p l i c i t y )  assumed t o  
have a cu r ren t - f r ee  d i p o l a r  c o n f i g u r a t i o n .  I n  t h i s  case 
-- 
i n s i d e  o u t s i d e  
and 
3 GM2R-1 
'GJ3 = 5 
Equat ion ( 2 8 )  provides  an  approximate r e l a t i o n  between t h e  t h r e e  q u a n t i t i e s  
M ,  R ,  and B .  If M and R are regarded a s  t h e  independent parameters  
by which t h e  model i s  t o  be c h a r a c t e r i z e d ,  
- 14 - 
. T h i s  enab le s  u s  t o  r e l a t e  0 ,  t he  t o t a l  magnetic f l u x  t h a t  t h reads  t h e  
s p h e r i c a l  nuc leus ,  w i t h  t h e  mass M ,  provided t h a t  t h e  o b j e c t  i s  supported 
a g a i n s t  c o l l a p s e  p r i n c i p a l l y  by magnetic stresses. Namely,  
Numerically,  t h i s  i s  approximately 
-3 
O = l O  M .  (33 1 
I f  t h e  mass i s  supported aga ins t  g r a v i t y  by f o r c e s  o t h e r  than  magnetic 
f o r c e s ,  t h e  mass may be l a r g e r  t han  t h a t  i n d i c a t e d  by Eq. ( 3 3 ) ,  l ead ing  
u s  t o  t h e  i n e q u a l i t y  
(34)  
3 
M > l O  0 .  - 
Adopting assumptions o r i g i n a l l y  proposed by Burbidge, l3 Maltby, Mat- 
thews and Moffet" estimate parameters f o r  t h e  r a d i o  c louds  of a number of 
s t r o n g  r a d i o  sou rces .  From t h e i r  t a b u l a t i o n  of  t h e  volume and magnetic- 
f i e l d  s t r e n g t h ,  w e  can e a s i l y  de r ive  a n  estimate of magnetic f lux :  
O = B V  2/3 . (35) 
I f  w e  ignore  t h e  components a s soc ia t ed  wi th  t h e  "core" o r  "nucleus" of a 
ga laxy ,  t h e  remaining components have magnetic f l u x e s  i n  t h e  range of 
1040. 4 42.7 2 
1045. 7 
t o  10 gauss  c m  . The lower l i m i t s  of t h e  masses of t h e  asso-  
43.4 
c i a t e d  o b j e c t s  are found from Eq. (34)  t o  be i n  t h e  range 10 t o  
12.4 Mg. The assumptions under ly ing  t h e s e  10 .1  t o  10 gm, i .e.,  10 
13 
c a l c u l a t i o n s  are open t o  ques t ion ,  so t h a t  t h e  above mass estimates 
should be accorded a corresponding f l e x i b i l i t y .  With t h i s  p rov i s ion  i n  
mind, i t  seems f a i r  t o  s t a t e  t h a t  Eq. ( 3 4 ) ,  de r ived  from our  assumptions 
about  t h e  topology of t h e  magnetic f i e l d  a s s o c i a t e d  wi th  a s t r o n g  r a d i o  
source ,  i s  compatible  wi th  the  i d e a  t h a t  t h e  magnetic f l u x  th read ing  t h e  
r a d i o  cloud of a r a d i o  galaxy a l s o  t h r e a d s  t h e  pa ren t  ga laxy ,  or t h e  nuc leus  
of t h e  pa ren t  ga laxy .  Th i s  q u a n t i t a t i v e  check on Eq. (34)  should encourage 
- 15  - 
u s  t o  pursue our i n t e n t i o n  of apply ing  t h e  same i d e a s  t o  q u a s i - s t e l l a r  
r a d i o  sources .  
L e t  u s  r e t u r n  t o  t h e  ques t ion  of t h e  s t a b i l i t y  of t h e  equ i l ib r ium i n  
ou r  model. W e  see t h a t  s i n c e  t h e  t o t a l  energy W, i s  c o n s t a n t ,  t h e  two 
1 2  2 
second-order c o n t r i b u t i o n s  t o  i t ,  - E W2 and F I k  , are compatible  2 
only i f  E v a r i e s  a p p r o p r i a t e l y  wi th  t i m e .  For i n s t a n c e ,  cons ide r  t h e  
normal mode 
E = E s i n  cut . 
0 
1 . 2  
The sum c2W + - IE must be a cons t an t  f o r  t h e  t o t a l  energy t o  be 2 2 2  
conserved during t h e  r a d i a l  o s c i l l a t i o n s ,  i . e . ,  
2 1 . 2  2 2 1 c 2  s i n  cu t  w + - IC cu cos c u t  = cons tan t  . 2 0  2 2 0  
Theref o r e  
The s t a b i l i t y  condi t ion  i s  then  given by 
2 cu > o ,  
o r  
3 - w  + w  - w  > o .  
8 T MR GBR 
Even wi thout  hydromagnetic t u rbu lence ,  i t  would appear  t h a t  s t a b i l i t y  i s  
p o s s i b l e  i f  WMR > WGBR, 
c o n f i g u r a t i o n s  can r e so lve  t h i s  ques t ion  of whether t h i s  type  of s t a b i l i z a -  
t i o n  can a c t u a l l y  occur .  
Only q u a n t i t a t i v e  c a l c u l a t i o n s  f o r  a v a r i e t y  of 
Again l e t  us  cons ide r  t h e  simple model of a s p h e r i c a l  nuc leus  (mass 
M ,  r a d i u s  R )  of uniform mass d e n s i t y  p .  We assume t h a t  t h i s  sphere i s  
permeated by a uniform magnetic f i e l d  which changes t o  a c u r r e n t - f r e e  d i -  
p o l a r  conf igu ra t ion  o u t s i d e .  From Eqs. (17)  and (18), t h e  post-Newtonian 
energy t e r m s  are then 
- 16 - 
and 
3 - 2  w - - -  9 G M R  . 
GBR - 1 4  2 
C 
The t o t a l  t u r b u l e n t  energy WT, 
magnetic wave energy,  may be w r i t t e n  a s  
composed of equa l  amounts of k i n e t i c  and 
1 2 2  
W = - M V  A , 
T 2 A  
where A i s  t h e  Alfv6n number of t h e  turbulence  (analogous t o  t h e  Mach 
number), def ined  by 
V 
max - A = - -  - 
B A V 
i s  t h e  maximum ampli tude ( 6B 'max 
Using Eqs. (30)  and (31),  w e  f i n d  
V i s  t h e  maximum gas  v e l o c i t y ,  and 
of  t h e  magnetic f i e l d  f l u c t u a t i o n s .  
max 
t h a t  W may be w r i t t e n  a s  T 
2 2  w = -  
T 3 A 'GB a (43 )  
Also,  from i t s  d e f i n i t i o n  i n  Eq. ( 2 7 ) ,  
(44)  
3 2  
5 I = - M R  . 
Therefore ,  upon s u b s t i t u t i o n  from Eqs. ( 3 9 ) ,  ( 4 0 ) ,  (43)  and ( 4 4 ) ,  Eq. (37)  
f o r  o becomes 
2 
- % Gp(A2 - - 59 ?) s 
- 3  70 R * (45) 
where 
2GM R Z- 
S 2 
C 
(46 )  
- 17  - 
i s  t h e  Schwarzschild r a d i u s  corresponding t o  t h e  t o t a l  mass M .  W e  see 
from Eq. (45 )  t h a t  i f  t h e r e  i s  s u f f i c i e n t  t u rbu lence  ( i n  t h e  sense  t h a t  
t h e  maximum gas v e l o c i t y  i s  high enough compared t o  t h e  Alfv6n s p e e d ) ,  
t h e  o b j e c t  can be s t a b i l i z e d  a g a i n s t  t h e  r e l a t i v i s t i c  i n s t a b i l i t y  which 
has  posed a problem i n  o t h e r  models of q u a s a r s .  
F.  L e t  u s  now i n q u i r e  i n t o  t h e  p o s s i b i l i t y  t h a t  t h e  model t h a t  has  been 
developed i n  the prev ious  s e c t i o n  i s  a p p l i c a b l e  t o  understanding t h e  ob- 
served p r o p e r t i e s  of quasar  n u c l e i .  For t h i s  purpose w e  s h a l l  t a k e  t h e  
o b j e c t  3 C  273B as  a p a r t i c u l a r  example. S ince  i t  i s  t h e  c l o s e s t  known 
quasar  t o  our  Galaxy, more ex tens ive  and d e t a i l e d  obse rva t iona l  d a t a  cur -  
r e n t l y  e x i s t  f o r  t h i s  o b j e c t  than f o r  any o t h e r  of i t s  type .  
W e  beg in  by cons ide r ing  t h e  imp l i ca t ions  of Eq. ( 4 5 )  determining t h e  
frequency of r a d i a l  p u l s a t i o n s .  N e w  evidence f o r  a 13-year  p e r i o d i c i t y  
i n  t h e  v a r i a t i o n s  of t h e  o p t i c a l  continuum of 3C 273B has r e c e n t l y  been 
found by W .  Kunkel and H .  J .  Smith: l4 
mode corresponding t o  a 13-year per iod  show up when t h e  o p t i c a l  da t a  i s  
f r e q u e n t l y  analyzed.  Adopting t h e  corresponding va lue  of w, 108'2 sec , 
w e  f i n d  t h a t  E q .  (45 )  approximates t h e  form 
f o u r  harmonics of a fundamental 
-1 
8 2 -3 -20 2 -4 
10AMR - 1 0  M R  = l .  (47) 
Curves which express  t h i s  r e l a t i o n  between M and R a r e  shown i n  F i g .  4 ,  
for t h r e e  va lues  of t h e  Alfv6n number A .  
The lower branch of each  curve ,  which i s  shown i n  broken l i n e s ,  i s  of 
l i t t l e  i n t e r e s t ,  f o r  i n  t h i s  r eg ion  t h e  two t e r m s  i n  t h e  pa ren theses  of 
Eq. (45)  are almost e q u a l ,  so t h a t  comparat ively s m a l l  changes i n  t h e  
parameters  could make t h e  o b j e c t  u n s t a b l e .  
S ince  t h e  r e d - s h i f t  of t h e  s p e c t r a l  l i n e s  of 3C 273 i s  z = 0.158,  and 
15 
w e  are fo l lowing  Greens te in  and Schmidt i n  i n t e r p r e t i n g  t h i s  as  a cos-  
mological  r e d - s h i f t ,  i t  i s  necessary  t h a t  
z .  W e  somewhat a r b i t r a r i l y  r e q u i r e  t h a t  R /R < 10 , and t h i s  imp l i e s  
t h a t  t he  parameters  of  t h e  nuc leus  should be r ep resen ted  by a p o i n t  above 
and t o  t h e  l e f t  of t h e  l i n e  marked "RED-SHIFT LIMIT" i n  F i g .  4. I t  i s  
worth n o t i n g ,  f o r  l a t e r  r e f e r e n c e ,  t h a t  t h e s e  c o n s i d e r a t i o n s  l e a d  t o  an 
Rs/R should be much less than  
-2 
s -  
- 18 - 
FIG. 4. MASS-RADIUS DIAGRAM FOR OBJECT WITH RADIAL OSCILLATION 
PERIOD OF 13 YEARS. 
- 19 - 
43 upper l i m i t  on t h e  mass of 10 gm. However, t h i s  l i m i t  corresponds t o  
A = 1, which is p h y s i c a l l y  unacceptable  s i n c e ,  among o t h e r  r easons ,  t h e  
gas  v e l o c i t y  would be comparable wi th  t h e  escape  v e l o c i t y .  
v e l o c i t y  i s  comparable wi th  t h e  Alfv6n v e l o c i t y .  ) 
(The escape  
-1 
If t h e  turbulence v e l o c i t y  i s  t o  be ,  s a y ,  10 times t h e  escape  ve- 
-1 
l o c i t y ,  w e  must have A = 10 . One choice  of parameters  i s  then t h e  
fol lowing:  
8 
41.3 gm = 10 M A = l O  , R = l O  c m ,  M = 10 -1 15 .7  
0 ’  
which l e a d s  t o  t h e  fo l lowing  va lues  f o r  r e l a t e d  parameters :  
-1 
cm sec , B = 1 0 6 a 5  gauss  . -1 8.2  cm sec , v = 10 9 .2  v = 10 A m a  x 
The above value f o r  t h e  turbulence  v e l o c i t y  i s  comparable w i t h ,  and some- 
what smaller than,  t h e  v e l o c i t i e s  i n f e r r e d  by Greens te in  and Schmidt 
from l inewid ths ,  on t h e  assumption t h a t  l i n e s  are broadened by t h e  doppler  
e f f e c t .  W e  f i nd  from Eq. (30) t h a t  t h e  g r a v i t a t i o n a l  b inding  energy i s  
1 5  
1059. 5 e r g .  The magnetic energy has  t h e  same va lue .  Hence i f  some f r a c -  
t i o n  of  t h e  magnetic energy can be converted i n t o  high-energy e l e c t r o n s ,  
i t  w i l l  be p o s s i b l e  t o  m e e t  t h e  energy requirements  of s t r o n g  r a d i o  sou rces .  
W e  may a l s o  note  t h a t  t h e  r a d i u s  i s  only about  one l i gh t -day ,  so t h a t  
t h e r e  i s  no d i f f i c u l t y  i n  understanding l i g h t  f l a s h e s  wi th  d u r a t i o n s  of  
about  one month. 
G.  I n  Sec t ion  B i t  w a s  concluded t h a t  t h e  magnetic f i e l d  c o n f i g u r a t i o n  
a s s o c i a t e d  wi th  q u a s i - s t e l l a r  o b j e c t s  mus t  be open, of primeval o r i g i n ,  
and coupled t o  the  nuc leus ,  bu t  w e  have y e t  t o  i n v e s t i g a t e  t h e  s p e c i f i c  
s t r u c t u r e  o f  t h i s  f i e l d .  F i r s t ,  cons ide r  t h e  schematic  model of a ga laxoid  
and i t s  a s soc ia t ed  f i e l d  as  i l l u s t r a t e d  below i n  F ig .  5. The presence  of 
t h e  magnetic f i e l d  w i l l  d r a s t i c a l l y  a f f e c t  t h e  a c c r e t i o n  process  s i n c e  
h ighly  conducting gas  can flow only a long  t h e  l i n e s  of f o r c e ,  
p a t t e r n  of t h e  s o r t  i l l u s t r a t e d  i n  F ig .  5 p rov ides  a mechanism f o r  funnel -  
i n g  i n t e r g a l a c t i c  gas  i n t o  t h e  ga l axo id .  The r e s u l t i n g  i n f l u x  of ma t t e r  
and energy might even be s u b s t a n t i a l  enough t o  ease t h e  problem of exp la in ing  
An ”open” 
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INTERGALACTIC GAS AND MAGNETIC FIELD 
FIG. 5 .  SCHEMATIC MODEL OF GALAXOLD. 
ING 
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t h e  g r e a t  luminosi ty  of 3C 273 and t o  reduce t h e  t i m e  scale f o r  t h e  whole 
quasar  phenomenon. 
I n  seeking t h e  proper  k ind  of t r a n s i t i o n  between t h e  magnetic f i e l d s  
t h a t  are coupled t o  t h e  quasar  nuc leus  and those  t h a t  are n o t ,  w e  have 
been l e d  t o  a s t r u c t u r e  wi th  a s h e e t  pinch and an  accompanying Y-type 
n e u t r a l  p o i n t  (a Y-type n e u t r a l  l i n e ,  i n  t h r e e  dimensions)  - analogous t o  
t h e  model t h a t  has  p rev ious ly  been employed t o  e x p l a i n  t h e  high-energy 
phase of s o l a r  f l a r e s .  
16 
I t  seems t h a t  it i s  impossible  t o  f i n d  a completely f o r c e - f r e e  f i e l d  
c o n f i g u r a t i o n ;  t h e  f i e l d  o u t s i d e  t h e  nuc leus  must have “ s i n g u l a r i t i e s ”  of 
t h e  type  represented  by n e u t r a l  s h e e t s  and n e u t r a l  l i n e s .  Th i s  f a c t  has  
t h e  immediate consequence t h a t  t h e  f l a r e  mechanism can be o p e r a t i v e ,  
so t h a t  w e  now see t h e  p rospec t  of unders tanding  t h e  s i m i l a r i t y  between 
s o l a r  f l a r e s  and t h e  high-energy phenomena of q u a s i - s t e l l a r  o b j e c t s  
and r a d i o  g a l a x i e s .  
16 
The important po in t  about  t h i s  conf igu ra t ion  i s  t h a t  i t  posses ses  
magnetic energy i n  a form t h a t  i s  a v a i l a b l e  f o r  release by a plasma i n -  
s t a b i l i t y .  I f  t h e  f i e l d  had, s a y ,  a c u r r e n t - f r e e  d i p o l e  c o n f i g u r a t i o n ,  
t h e r e  would be no  way t o  release magnetic energy s i n c e  t h e  f i e l d  would 
a l r eady  be i n  i t s  lowest  energy State (assuming f i x e d  boundary c o n d i t i o n s  
a t  t h e  s u r f a c e  of t he  g a l a x o i d ) .  
I f  w e  assume t h a t  t h e  ga laxoid  and a s s o c i a t e d  magnetic f i e l d  p a t t e r n  
have r o t a t i o n a l  symmetry about  an  a x i s  p a r a l l e l  t o  t h e  d i s t a n t  magnetic 
f i e l d ,  t h e r e  m u s t  be s i n g u l a r i t i e s  i n  t h e  magnetic f i e l d  on t h e  “equa- 
t o r i a l  p l a n e . ”  One o f  t h e  s impler  f i e l d  c o n f i g u r a t i o n s  i s  shown i n  F ig .  6: 
t h e  magnetic f i e l d  o u t s i d e  t h e  ga laxoid  c o n t a i n s  a disk- type shee t  p inch  
bounded by a c i r c u l a r  Y-type n e u t r a l  l i n e .  Th i s  n e u t r a l  l i n e  s e p a r a t e s  
two sets of  magnetic f i e l d  l i n e s :  t hose  which th read  t h e  ga laxoid  and 
those  which do  n o t .  Since t h e  high-energy phase of s o l a r  f l a r e s  w a s  as-  - 
c r i b e d  t o  developments a t  a n e u t r a l  shee t  l o c a t e d  i n  a coronal  s t r eamer ,  
w e  may a n t i c i p a t e  t h a t  similar developments a t  t h e  n e u t r a l  shee t  of t h e  
p r e s e n t  quasa r  model w i l l  l e ad  t o  a “ g a l a c t i c  f l a r e . ”  I f  one fo l lows  t h e  
same l i n e  of argument which w a s  used t o  e x p l a i n  t h e  high-energy phase of 
a s o l a r  f l a r e ,  w e  are l e d  t o  a g a l a c t i c - f l a r e  development a s  i n d i c a t e d  i n  
F i g .  7 .  
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FIG. 6. POSSIBLE FIELD CONFIGURATION WITH AXIAL AND 
REFLECTION SYMMETRY. 
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F I G .  7 .  EFFECT OF FLARE MECHANISM ON MAGNETIC F I E L D .  
- 24 - 
- .  Any plasma i n s t a b i l i t y  such as  t h e  tearing-mode i n s t a b i l i t y  t h a t  can 
occur  a long  t h e  n e u t r a l  s h e e t  w i l l  l e ad  t o  a rearrangement of t h e  magnetic 
f i e l d  p a t t e r n .  S p e c i f i c a l l y ,  the f i e l d  t h a t  i s  coupled t o  t h e  nucleus 
i s  l i k e l y  t o  become c losed  and a t t a i n  a lower-energy, d ipo le - l ike  con- 
f i g u r a t i o n .  Thus,  t h i s  mechanism would provide a way t o  decouple a ga lac-  
t i c  o r  p r o t o - g a l a c t i c  magnetic f i e l d  from t h e  gene ra l  i n t e r g a l a c t i c  f i e l d .  
Some of t h e  e l e c t r o n s  and protons which are a c c e l e r a t e d  dur ing  t h e  i n s t a -  
b i l i t y  w i l l  "hook on" t o  t h e  newly c losed  f i e l d  l i n e s  connected t o  t h e  
ga laxoid .  Some of t hese  p a r t i c l e s  may remain t r apped ,  by magnetic mi r ro r  
a c t i o n ,  f o r  some t i m e  and so form " r a d i a t i o n  b e l t s . "  These p a r t i c l e s  w i l l  
r a d i a t e  by t h e  synchrotron mechanism and t h i s  may exp la in  t h e  small-diameter 
r a d i o  emission from quasa r s .  In view of t h e  very h igh  magnetic f i e l d  
s t r e n g t h s  contemplated,  proton synchrotron r a d i a t i o n  w i l l  be impor tan t ,  
as  w e l l  as e l e c t r o n  synchrotron r a d i a t i o n .  Furthermore,  t h e  r a d i a t i o n  
may extend beyond t h e  r a d i o  spec t rum i n t o  t h e  in f r a - r ed  and o p t i c a l  p a r t s  
of  t h e  spectrum. Any p a r t i c l e s  w i th  p i t c h  a n g l e s  i n s i d e  t h e  " l o s s  cone" ' 
of t h e  magnetic mi r ro r  w i l l  impinge upon t h e  s u r f a c e  of t h e  ga l axo id .  A s  
i n  t h e  case of s o l a r  f l a r e s ,  t h i s  p rocess  would y i e l d  impulsive x-ray 
emiss ion .  There are many important ques t ions  t o  cons ide r  i n  connect ion 
w i t h  t h i s  p a r t  of  t h e  f l a r e  process ,  bu t  t h e r e  i s  no  t i m e  t o  d i s c u s s  them 
he re .  W e  m e r e l y  no te  t h a t  the f l a r e  process  o f f e r s  a simple exp lana t ion  
17 
for - ;,,,,,,sive ...-.. 1 "f lashes" a t  the ga laxoid  i n  t h e  r a d i o ,  o p t i c a l  and poss ib ly  
a l s o  i n  t h e  x-ray bands. 
f l a r e  a s s o c i a t e d  wi th  t h e  f i e l d  l i n e s  which remain "open'' a f t e r  reconnect ion  
W e  now t u r n  ou r  a t t e n t i o n  t o  t h a t  p a r t  of t h e  
The f i e l d  t h a t  i s  detached from t h e  quasar  nuc leus  by t h e  tearing-mode 
i n s t a b i l i t y  must s t i l l  r ema in  coupled t o  t h e  gene ra l  i n t e r g a l a c t i c  mag- 
n e t i c  f i e l d .  A "bag" of  t u rbu len t  magnetic f i e l d  con ta in ing  plasma and 
high-energy p a r t i c l e s  w i l l  then be e j e c t e d  by t h e  t e n s i o n  of t h i s  detached 
f i e l d .  A s  a r e s u l t ,  a shock wave w i l l  form a t  t h e  l ead ing  edge of  t h e  
e j e c t e d  "bag" of plasma; and i f  t h e  i n s t a b i l i t y  has  a c c e l e r a t e d  a s i g n i f i -  
c a n t  number of t h e  charged p a r t i c l e s  i n  t h e  ''bag'' t o  r e l a t i v i s t i c  e n e r g i e s ,  
t h i s  shock f r o n t  w i l l  advance a t  n e a r l y  t h e  speed of l i g h t .  
I f  t h e  i n s t a b i l i t y  occurs  l o c a l l y  i n  only a small  p o r t i o n  of t h e  f i e l d  
p a t t e r n  ( a  small  range of " longi tude") ,  t h e  r e s u l t  w i l l  be a j e t  moving 
outward from t h e  ga laxoid .  This  i s  i l l u s t r a t e d  i n  F i g .  7 .  W e  now propose 
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t h a t  t h e  j e t  of 3C 273 (component A )  and t h e  j e t  of t h e  galaxy M 87 were 
formed i n  j u s t  t h i s  f a sh ion .  The mechanism a l s o  p rov ides  f o r  t h e  poss i -  
b i l i t y  of a sequence of such i n s t a b i l i t i e s  and j e t s ,  a s  r e c e n t  obse rva t ions  
i n d i c a t e  are  l i k e l y .  There i s ,  moreover, a n  a d d i t i o n a l  source  of p a r t i c l e  
a c c e l e r a t i o n  a t  t h e  shock f r o n t  a t  t h e  t i p  of t h e  j e t .  E l e c t r o n s  which 
are accelerated a t  t h e  shock f r o n t  w i l l  l o s e  energy by synchro t ron  r a d i a -  
t i o n  on leaving  t h e  shock f r o n t ,  so t h a t  t h e  r a d i o  emiss ion  which they 
produce i s  l i k e l y  t o  be cen te red  on t h e  t i p  of t h e  j e t .  Moreover, l o c a l -  
i z e d  i n j e c t i o n  followed by extended synchro t ron  r a d i a t i o n  w i l l  produce a 
p a r t i c l e  energy spectrum wi th  index c l o s e  t o  - 2 ,  so t h a t  t h e  r a d i o  spectrum 
w i l l  have an  index c l o s e  t o  -0.5. I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  
r a d i o  source  3C 273A, which i s  l o c a l i z e d  a t  t h e  t i p  of t h e  j e t  and has  a 
s p e c t r a l  index of about  - 0 . 7 ,  i s  t o  be a s s o c i a t e d  wi th  a shock f r o n t  a t  
t h e  t i p  of t h e  j e t .  
18 
I t  i s  remarkable t h a t  t h e  j e t  i t s e l f  i s  v i s i b l e  o p t i c a l l y ,  having t h e  
f e a t u r e l e s s  b l u i s h  continuum spectrum c h a r a c t e r i s t i c  of  synchro t ron  r a d i a -  
t i o n ,  bu t  does not  show up a t  r a d i o  f r equenc ie s .  T h i s  imp l i e s  t h a t  t h e  
r a d i a t i o n  spectrum and e l e c t r o n  spectrum are  less s t e e p  than  those  asso- 
c i a t e d  wi th  3C 273A. This  means t h a t  a c c e l e r a t i o n  must be i n  p rogres s  i n  
t h e  j e t .  
Th i s  hypothes is  enab le s  u s  t o  e s t ima te  t h e  s t r e n g t h  of t h e  f i e l d  a t  
4 4 . 3  
t h e  t i p  of t h e  j e t .  The o p t i c a l  luminos i ty  of t h e  jet i s  about  10 e r g  
-1 sec . A conserva t ive  estimate of t h e  f i e l d  s t r e n g t h  a t  t h e  t i p  of t h e  
j e t  can then  be made by assuming t h a t  t h e  shock f r o n t  a t  t h e  t i p  i s  r e l a -  
t i v i s t i c ,  advancing a t  n e a r l y  t h e  speed of l i g h t .  That i s ,  w e  equa te  t h e  
observed rate of o p t i c a l  r a d i a t i o n  t o  t h e  r a t e  of d e s t r u c t i o n  of magnetic 
energy : 
. -  
4 4 . 3  -1 
e r g  s e c  . 1 2  
8rr t i p  
- B  A c = l O  
Taking A ,  
1043.9 2 5.6  
t h e  c r o s s - s e c t i o n a l  - area of  t h e  je t ,15 t o  be approximately 
= 10 gauss .  
B t i p  
c m  , w e  f i n d  
Th i s  raises some i n t e r e s t i n g  ques t ions .  The f i e l d  coupled t o  t h e  
ga laxoid  w a s  force- f ree  (except  a t  t h e  n e u t r a l  s h e e t )  be fo re  t h e  o n s e t  of 
t h e  i n s t a b i l i t y  t h a t  produced t h e  j e t .  I f  t h e  j e t  i s  narrow ( a s  i n  3C 2 7 3 ) ,  
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t h e  i n s t a b i l i t y  must have occurred over  a small  range of ga laxoid  long i -  
t u d e s .  Hence, t h e  g r e a t e r  po r t ion  of  t h e  magnetic f i e l d  p a t t e r n  i n  both  
hemispheres would be l e f t  unchanged (and s t i l l  f o r c e - f r e e ) .  Thus, t h e  
t o t a l  magnetic f l u x  a s s o c i a t e d  wi th  t h e  ga laxoid  can be e s t ima ted  from 
t h e  f i e l d  s t r e n g t h  a t  t h e  t i p  of t h e  jet and t h e  d i s t a n c e  of  t h i s  t i p  
from t h e  nuc leus ,  i .e. ,  
( 4 9 )  
2 
( g = 2 n R  t i p  B t i p  * 
- 
i s  1 0 ~ . ~  gauss  from 
B t i p  
For 3C 273A, Rtip i s  a t  l e a s t  10 23'2 c m ,  and 
Eq. (48). There fo re ,  t h e  magnetic f l u x  through each hemisphere of t h i s  
quasar  amounts t o  some 10 gauss  cm . Refe r r ing  t o  t h e  r e l a t i o n  be- 
tween magnetic f l u x  and mass given by Eq. ( 3 3 ) ,  w e  f i n d  t h a t  t h i s  f l u x  
must be a s s o c i a t e d  wi th  a mass of 10 
42.8 2 
45.8 12.5 
gm = 10 Mg - 
It  could b e ,  of  cour se ,  t h a t  t h e  o p t i c a l  luminos i ty  of  t h e  j e t  i s  not  
der ived  from magnetic f i e l d  a n n i h i l a t i o n  a l o n e ;  c e r t a i n l y ,  some of t h e  
energy of t h e  j e t  must be s to red  i n  t h e  form of high-energy p a r t i c l e s ,  
i nc lud ing  pro tons .  Our e s t ima te  should probably be i n t e r p r e t e d  a s  an 
upper l i m i t  t o  t h e  c e n t r a l  mass. However, t h e  mass der ived  by t h i s  argu-  
ment i s  much b igge r  than  10 M t h e  va lue  obta ined  i n  Sec t ion  F .  On 
12 .5  is no t ing  t h a t  t h e  Schwarzschild r a d i u s  of an o b j e c t  of mass 10 
about  ace l i g h t - y e a r ,  w e  see t h a t  i t  i s  imposs ib le  t o  f i t  so much mass 
i n t o  an  o b j e c t  compact enough t o  d i sp l ay  l i g h t  f l u c t u a t i o n s  of about one 




I t  i s  p o s s i b l e  t o  r e so lve  t h i s  dilemma i f  w e  are  w i l l i n g  t o  accep t  t h e  
hypothes is  t h a t  t h e  v i s i b l e  ob jec t  3C 273 i s  surrounded by a much l a r g e r  
mass of gas  which i s  " i n v i s i b l e , "  presumably because i t  i s  f u l l y - i o n i z e d  
and of  low d e n s i t y .  I f  t h i s  i on ized  gas ex tends  as much a s  s e v e r a l  k i l o -  
p a r s e c s  out  from t h e  quasar ,  i t  would no t  be expected t o  a f f e c t  t h e  o p t i c a l  
or r a d i o  emission i n  a d e t e c t a b l e  way. Th i s  hypothes is  a l s o  enab le s  u s  t o  
f i t  q u a s i - s t e l l a r  o b j e c t s  i n t o  an  evo lu t iona ry  scheme wi th  o rd ina ry  g a l a x i e s .  
A mass of about 10 M may make i t  p o s s i b l e  t o  p i c t u r e  a quasar  a s  a n  ob- 
ject  which w i l l  evolve i n t o  a g a l a c t i c  nuc leus ,  bu t  t h e  nucleus i s  p a r t  
of a galaxy ,  so t h a t  it i s  necessary t o  understand t h e  evo lu t ion  of t h e  
rest of t h e  galaxy a l s o .  I f  a quasar  i s  t y p i c a l l y  surrounded by a much 
8 
0 
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l a r g e r  mass of g a s ,  one has  t h e  necessary i n g r e d i e n t s  f o r  t h e  main body 
of a galaxy a s  w e l l  a s  i t s  nucleus .  
This  ionized gas  w i l l  a l s o  be a source of x-ray bremsstrahlung r a d i a -  
46 -1 
t i o n .  A s  much a s  10 e r g  sec of x-ray emiss ion  can be produced by 
fu l ly - ion ized  hydrogen gas  a t  a temperature  of lo6 OK i f  t h e  gas  ex tends  
t o  a d i s t a n c e  t h a t  i s  less than  5 kpc from t h e  quasa r  nuc leus .  Th i s  re- 
s u l t  depends only weakly on t h e  temperature .  Now w e  can perhaps hope t o  
understand the  r e c e n t  obse rva t ions  of  Byram, Chubb and Friedman’’ t h a t  
c e r t a i n  r a d i o  ga l ax ie s  e m i t  energy i n  the  form of x-rays a t  a ra te  t h a t  
exceeds t h e  combined o p t i c a l  and r a d i o  f l u x  by one or two o r d e r s  of mag- 
n i t u d e ,  i f  w e  can r e l a t e  r a d i o  g a l a x i e s  wi th  quasa r s .  
H .  W e  have y e t  t o  cons ide r  t h e  ques t ion  of how u l t r a - r e l a t i v i s t i c  par -  
t i c les  (e  . g . ,  
g a l a x i e s .  In  our opin ion  t h i s  problem i s  f u l l y  a s  important  a s  t h e  o r i g i n  
of  t h e  very l a rge  o p t i c a l  l u m i n o s i t i e s  of  q u a s a r s .  Unfo r tuna te ly ,  very 
l i t t l e  a t t e n t i o n  has  been given t o  understanding how g r e a t  a c c e l e r a t i o n  
of charged p a r t i c l e s  can occur .  Nuclear p rocesses  are u n l i k e l y  t o  m e e t  
t h e  requirements .  Even i f  a s i g n i f i c a n t  amount o f  t h e  rest mass of quas i -  
s t e l l a r  o b j e c t s  is converted t o  energy and d iv ided  up among t h e  c o n s t i t u e n t  
p a r t i c l e s ,  only a few MeV p e r  p a r t i c l e ,  a t  t h e  very most,  can be expec ted .  
Almost from the  o u t s e t  w e  are  forced  t o  conclude t h a t  i f  high-energy par -  
t i c l e s  e x i s t  i n  n a t u r e ,  i t  must be t h e  r e s u l t  of e l e c t r i c  f i e l d s .  However, 
t h e r e  a r e  d i f f i c u l t i e s  i n  apply ing  t h i s  s imple hypo thes i s  t o  quasa r s .  
F i r s t ,  t h e  a c c e l e r a t i o n  must occur  i n  a low-density medium so t h a t  t h e  e f -  
f e c t s  of c o l l i s i o n s  are n e g l i g i b l e .  More impor tan t ,  s i n c e  w e  are d e a l i n g  
wi th  a high-conduct ivi ty  plasma where uniform f i e l d s  cannot  ex i s t ,  - t h e  
r equ i r ed  process  must be one of s t o c h a s t i c  a c c e l e r a t i o n , 2 0  most l i k e l y  by 
t h e  t u r b u l e n t  e l e c t r i c  f i e l d s  which r e s u l t  from plasma i n s t a b i l i t i e s .  For 
t h e  case  of  solar f l a r e s  t h i s  has  been known and apprec ia t ed  f o r  some 
t i m e ;  however, it i s  only r e c e n t l y  t h a t  t h i s  has  begun t o  be r e a l i z e d  - v i s  
- a Vis t h e  p a r t i c l e  a c c e l e r a t i o n  i n  quasars  and r a d i o  g a l a x i e s .  
- e V  e l e c t r o n s )  a r e  produced i n  quasa r s  and r a d i o  
Can s t o c h a s t i c  a c c e l e r a t i o n  i n  quasars  produce e l e c t r o n s  wi th  e n e r g i e s  
12.3 a s  h igh  a s  10 
r a d i a t i o n  i n  a magnetic f i e l d  of 
e V  (necessary  f o r  - t h e  emiss ion  of o p t i c a l  synchro t ron  
I f  t h e  i n s t a b i l i t y  i s  a gauss )?  
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n o n l i n e a r  one l i k e  t h e  tearing-mode i n s t a b i l i t y , 2 1  i t  w i l l  r e s u l t  i n  a very 
l a r g e  number of smal l  f i l amen t s .  Le t  u s  estimate t h e  average e l ec t r i c  
f i e l d  s t r e n g t h  i n  t h e  f i l amen t s .  Th i s  i s  given by 
V 
<E>-: < B >  
where < B >  i s  t h e  average magnetic f i e l d  i n  t h e  f i l a m e n t s .  The re fo re ,  
a n  a b s o l u t e  upper  l i m i t  t o  t h e  e l e c t r o n  energy i s  given by 
i s  t h e  l i fe t ime of t h e  j e t  and L i s  t h e  l e n g t h  of  t h e  j e t .  - where T 
Since  < B >  < gauss  and L - 10 c m  f o r  t h e  je t  of  3C 273, w e  23 j e t  
Y 
f i n d  t h a t  
18.6 21. lev - 10 e s u  = 10 'ma x 
T h i s  i s  cons iderably  h ighe r  than i s  needed, so t h e  comparat ively i n e f f i -  
c i e n t  p rocess  of s t o c h a s t i c  a c c e l e r a t i o n  may be o p e r a t i v e  i n  t h i s  case. 
Le t  u s  f i r s t  estimate how many "s teps"  are involved .  Suppose t h a t  t h e  
s c a l e  ove r  which t h e  f i e l d  i s  uniform - i s  comparable wi th  t h e  gyro- rad ius  
o f  a io e'\i eiectron i n  a f i e l d  of 10 A - 1 0 ~ ~ . ~  c m  . 
Then, t h e  t i m e  f o r  a high-energy e l e c t r o n  t o  t r a v e r s e  t h e  l e n g t h  A i s  
approximately A / c  - 10 sec. The l i f e t i m e  of t h e  j e t  i s  some 10 y e a r s  - 
1 2  5.6 
gauss ,  i . e . ,  
5 5 
1012. 5 sec. The re fo re ,  t h e  number of  " s t eps"  o f  l e n g t h  A i n  t h i s  t i m e  
7 . 5  i s  N = 10 . The average energy of an  ensemble of p a r t i c l e s  sub jec t ed  
t o  a s t o c h a s t i c  a c c e l e r a t i o n  of N s t e p s  of  energy e < E > h  each  i s  j u s t  
Numerical ly ,  t h i s  i s  
14 .9  17 .4  <w>- 10 e e s u  = 10 e V  . 
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Hence, even a s t o c h a s t i c  process  i s  capable  of provid ing  more than  enough 
a c c e l e r a t i o n .  A proper  c a l c u l a t i o n  of t h e  e l e c t r o n  e n e r g i e s  would have 
t o  t ake  account of  t h e  synchro t ron  l o s s e s ,  which g e t  h ighe r  wi th  i n c r e a s i n g  
p a r t i c l e  energy. The i n t e r a c t i o n  between s t o c h a s t i c  a c c e l e r a t i o n  and t h e  
synchrotron loss  mechanism i s  very complex and w i l l  no t  be cons idered  h e r e .  
Pro tons  a re  s u b j e c t  t o  e x a c t l y  t h e  same s t o c h a s t i c  a c c e l e r a t i o n  as  
e l e c t r o n s ,  but  they a r e  v i r t u a l l y  una f fec t ed  by t h e  synchro t ron  loss  
mechanism due t o  t h e i r  g r e a t e r  mass. The jet i n  3C 273 must c o n t a i n  
e V  e l e c t r o n s  i n  o r d e r  - t o  produce o p t i c a l  synchro t ron  r a d i a t i o n  
1 . 3  -1 where t h e  f i e l d  i s  only gauss .  These e l e c t r o n s  l o s e  10 e V  sec 
by the  synchrotron mechanism. The re fo re ,  t h e  maximum a c c e l e r a t i o n  ra te  
must be a t  l e a s t  t h i s  amount. Those p r o t r o n s  which have been sub jec t ed  
t o  t h i s  maximum rate of s t o c h a s t i c  a c c e l e r a t i o n  f o r  t h e  e n t i r e  l i f e t i m e  
of t h e  j e t  (> 10 y r s  - 10 
have achieved ene rg ie s  i n  excess  of 10 e V .  Multiply-charged i o n s  
w i l l  have reached even g r e a t e r  e n e r g i e s .  Hence, i t  i s  p o s s i b l e  t h a t  ga- 
l a c t i c  f l a r e s  a re  r e spons ib l e  f o r  a t  l eas t  a p o r t i o n  of t h e  high-energy 
component of cosmic r a y s .  
12.5 23 sec s i n c e  i t s  l eng th  i s  - 10 cm), w i l l  5 - 
13.8 
t -  
I .  L e t  u s  now cons ider  t h e  l i k e l y  e v o l u t i o n  of t h e  j e t  of 3C 273 on t h e  
b a s i s  of our  model. I t  w i l l  cont inue  as  a j e t  u n t i l  i t  reaches  t h e  r i n g -  
shaped n e u t r a l  l i n e .  A t  t h i s  p o i n t  t h e  supply of magnetic energy w i l l  
cease, and the re  w i l l  be no f u r t h e r  a c c e l e r a t i o n .  The j e t  w i l l  then d i -  
v ide  i n t o  t w o  plasma c louds ,  as  i l l u s t r a t e d  i n  F igure  8. 
i s  t h e  momentum of the  pro tons  t h a t  determines whether t h e  j e t  breaks  up 
o r  cont inues  t o  stream a s  a j e t  through t h e  weakening magnetic f i e l d . )  
Hence, a s i n g l e  g a l a c t i c  exp los ion  e v e n t u a l l y  r e s u l t s  i n  two q u i t e  s i m i l a r  
r a d i o  c louds  a t  roughly equa l  d i s t a n c e s  from t h e  nuc leus .  I f  i n s t e a d  of 
(Note t h a t  i t  
be ing  l o c a l i z e d ,  a g a l a c t i c  f l a r e  w e r e  t o  involve  t h e  whole shee t  p inch  
a t  once,  t h e  f i n a l  r e s u l t  would be two "smoke r i n g "  r a d i o  c louds  d i ame t r i -  
c a l l y  oppos i t e  with r e s p e c t  t o  t h e  quasar  nuc leus .  Thus o u r  model seems 
t o  o f f e r  a simple exp lana t ion  f o r  one of t h e  most s t r i k i n g  c h a r a c t e r i s t i c s  
of r a d i o  ga l ax ie s :  t h e i r  double s t r u c t u r e .  
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J .  W e  now consider  requirements  on t h e  i n t e r g a l a c t i c  gas  and t h e  i n t e r -  
g a l a c t i c  magnetic f i e l d .  
W e  have seen t h a t  t h e  i n t e r g a l a c t i c  magnetic f i e l d  i s  an important  
i n g r e d i e n t  i n  our  model f o r  determining how a quasar  w i l l  develop.  Chan- 
drasekhar22 noted t h a t  a uniform f i e l d  w i l l  no t  i n h i b i t  t h e  g r a v i t a t i o n a l  
condensat ion of a mass of gas  i f  t he  m a s s  i s  s u f f i c i e n t l y  l a r g e ,  even i f  
t h e  magnetic pressure  i s  comparable wi th  t h e  gas  p r e s s u r e ;  however, t h e  
f i e l d  w i l l  c e r t a i n l y  a f f e c t  t h e  way i n  which t h e  o b j e c t  condenses.  Also ,  
s i n c e  t h e  "open" i n t e r g a l a c t i c  magnetic f i e l d  couples  t h e  quasar  nuc leus  
wi th  i n t e r g a l a c t i c  space ,  it i s  p o s s i b l e  t o  understand why t h e  formation 
of a s m a l l ,  very massive o b j e c t  would no t  have t o  be i n h i b i t e d  by t h e  
a c c r e t i o n  of angular  momentum. Namely,  t h e  "open" f i e l d  c o n f i g u r a t i o n  
provides  a mechanism f o r  r e t a i n i n g  a low angu la r  v e l o c i t y  dur ing  conden- 
s a t i o n  by t r a n s f e r r i n g  angu la r  momentum from t h e  i n n e r  r eg ions  t o  t h e  
o u t e r  r eg ions .  There i s  a l i m i t  t o  t h i s  p rocess  a f t e r  which p o i n t  no 
more angu la r  momentum can be thrown o f f ;  t h i s  p rocess  w i l l  cease  when t h e  
gas  dens i ty  i s  so high t h a t  
-
v < v  
A s t  
where v i s  t h e  s t reaming v e l o c i t y  of a c c r e t i n g  g a s .  I t  i s  p o s s i b l e  
t h a t  t h i s  mechanism f o r  r e t a i n i n g  low angu la r  v e l o c i t y  o p e r a t e s  i n  t h e  
q u a s i - s t e l l a r  s t age  of g a l a c t i c  evo lu t ion ;  bu t  when it  c e a s e s ,  t h e  o b j e c t  
begins  t o  grow i n  dimension and a ga laxy ,  which would probably be a r a d i o  
ga laxy ,  i s  formed. 
s t  
There is  no g r e a t  problem i n  understanding t h e  luminos i ty  of quasa r s  
if t h e  energy i n f l u x  of i n t e r g a l a c t i c  gas  i s  taken  i n t o  account .  For 
example, t h e  case of 3C 273 where t h e  r a d i a t i v e  f l u x  i s  10  e r g  sec  
can be explained i f  t h e  a c c r e t i o n  ra te  due t o  gas  i n f l u x  i s  as  low as  
46 -1 
-1 1 . 4  -1 gm sec = 10 Mo y r  . This  g i v e s  an  e v o l u t i o n  t i m e  ( t h e  t i m e  
7 . 5  
f o r  t h e  nucleus t o  double i t s  mass) of less than  10 
r a p i d  on a g a l a c t i c  t i m e  scale.  
y r ,  which i s  q u i t e  
W e  can now es t ima te  t h e  s t r e n g t h  of t h e  i n t e r g a l a c t i c  magnetic f i e l d .  
The d e n s i t y  of  i n t e r g a l a c t i c  matter i s  be l i eved  t o  be about  10 gm 
c m  . Hence the r a d i u s  Rc of t h e  sphere from which t h e  quasar  3C 273 
-28 
-3 
t -  
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and i t s  surrounding gas  have condensed i s  about 10 2 4 * 4  c m  or 800 kpc. 
J e a n ' s  c r i t e r i o n  i s  admi t ted ly  open t o  c r i t i c i s m ,  but  w e  may use i t  t o  
estimate t h e  temperature  of i n t e r g a l a c t i c  gas  which would l ead  t o  t h e  
formation of an o b j e c t  o f  t h i s  mass. The J e a n ' s  c r i t e r i o n  l e a d s  t o  
The 
23 
Rc = a (42Gp ) -1/2 
0 0 
where a i s  t h e  speed of sound. With t h e  above va lues  f o r  R and 
w e  f i n d  t h a t  a = 10 cm sec so t h a t  t h e  temperature  of  t h e  
C 7 . 3  -1 0 
0 
6 . 3  
, 
i n t e r g a l a c t i c  medium i s  about  10 K .  Th i s  may seem h igh ,  but  i t  has  
r e c e n t l y  been shown t h a t  t he  dens i ty  of n e u t r a l  hydrogen i n  i n t e r g a l a c t i c  
space i s  exceedingly l o w .  24 
I n  t h e  case of 3C 273, w e  e s t ima ted  t h a t  t h e  t o t a l  magnetic f l u x  i s  
gauss  cm . Since  t h i s  f l u x  once threaded a sphere of r a d i u s  42.8  2 
RC , - 10 
t h e  primeval magnetic f i e l d  must  have had an  i n t e n s i t y  of  10 gauss .  
I t  appears  t h a t  t he  primeval magnetic p re s su re  was comparable wi th  t h e  
i n t e r g a l a c t i c  gas  p r e s s u r e ,  but no g r e a t  s i g n i f i c a n c e  should be a t t a c h e d  
t o  t h i s  r e s u l t ,  s i n c e  i t  depends s e n s i t i v e l y  on t h e  dens i ty  and temperature  
of t h e  i n t e r g a l a c t i c  gas  which are q u i t e  u n c e r t a i n .  
7 . 5  
K .  The preceding model i s  being proposed p a r t l y  as  a p l a u s i b l e  i n t e r p r e t a -  
t i o n  of  quasa r s ,  and p a r t l y  a s  a b a s i s  f o r  f u r t h e r  t h e o r e t i c a l  i nves t iga -  
t i o n s .  W e  now make some f i n a l  comments on some of t h e  imp l i ca t ions  of 
t h i s  model, i n d i c a t i n g  f u r t h e r  a s p e c t s  needing c a l c u l a t i o n .  
Although these  l e c t u r e s  have concent ra ted  on quasa r s  and t h e i r  explo-  
s i o n s ,  g i v i n g  rise t o  r a d i o  clouds and o t h e r  phenomena, w e  should no te  
t h a t  t h e r e  i s  no reason why the  model should n o t  app ly ,  wi th  only  minor 
mod i f i ca t ions ,  t o  r a d i o  ga l ax ie s  a l s o .  I t  has  been suggested t h a t  a quasar  
may i n  f a c t  be an e a r l y  s t age  i n  t h e  e v o l u t i o n  of a galaxy,  implying t h a t  
t h e  magnetic f i e l d  of a galaxy may have a s t r u c t u r e  s i m i l a r  t o  t h a t  which 
w a s  descr ibed  a s  a "galaxoid. ' '  The p r i n c i p a l  changes a re  probably (1) 
t h e  mechanism f o r  g e t t i n g  r i d  of angu la r  momentum may have ceased t o  oper -  
a t e ,  wi th  t h e  consequence t h a t  angu la r  momentum l i m i t s  t he  c o n t r a c t i o n ,  so 
t h a t  t h e  r e s u l t i n g  g a l a c t i c  nucleus i s  much l a r g e r  than t h e  ea r l i e r  q u a s a r s ;  
and ( 2 )  some f l a r e s  may have occurred ,  r e s u l t i n g  i n  some decoupl ing of t h e  
g a l a c t i c  magnetic f i e l d  from t h e  i n t e r g a l a c t i c  magnetic f i e l d .  
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I f  one assumes t h a t  t h e  magnetic f i e l d  of quasa r s  and g a l a x i e s  i s  
der ived  from a primeval magnetic f i e l d  (and one r e a l l y  f a c e s  formidable  
t h e o r e t i c a l  d i f f i c u l t i e s  i f  one does no t  make t h i s  assumpt ion) ,  then  t h e  
problem of understanding t h e  evo lu t ion  of g a l a x i e s  invo lves ,  as  an  impor- 
t a n t  sub-problem, t h a t  of understanding t h e  change i n  s t r u c t u r e  of t h e  
magnetic f i e l d ,  i nc lud ing  changes which l e a d  t o  reconnect ion  of t h e  mag- 
n e t i c  f i e l d .  I t  seems from our  knowledge of plasma phys ics  t h a t  t h e  
p r i n c i p a l  mechanism f o r  reconnect ion  w i l l  be t h e  tearing-mode i n s t a b i l i t y .  
From t h e  p i c t u r e  w e  have given of s o l a r  f l a r e s ,  it then  fo l lows  t h a t  t h e  
phenomenon which l e a d s  t o  reconnect ion of g a l a c t i c  magnetic f i e l d s  i s  t h a t  
of g a l a c t i c  f l a r e s .  
21 
16 
W e  know t h a t  a c e n t e r  of a c t i v i t y  on t h e  sun e x h i b i t s  c o n t i n u a l  a c t i v -  
i t y ,  no t  simply occas iona l  major f l a r e s .  Much of  t h i s  a c t i v i t y  can be 
understood a s  the  con t inua l  occurrence of micro- f la res - -smal l - sca le  i n s t a -  
b i l i t i e s  g iv ing  r ise t o  minor changes i n  t h e  magnet ic - f ie ld  p a t t e r n ,  and 
r e l e a s i n g  small  amounts of energy .  I f  our  model of quasa r s  i s  c o r r e c t ,  
w e  should expect t h a t  t h e  same w i l l  be t r u e  of q u a s a r s ,  so t h a t  w e  have 
a simple way of understanding the  con t inua l  "noise"  which i s  mani fes ted  
a s  r a p i d  f l u c t u a t i o n s  i n  o p t i c a l  and r a d i o  output .  I t  should be noted 
t h a t  t h e r e  must be some cont inuous form of non-ca tas t rophic  i n s t a b i l i t y  
(which may involve some mechanisms of MHD i n s t a b i l i t y )  i n  o r d e r  t o  provide 
a cont inuous supply of energy i n  t h e  form of MHD t u rbu lence ,  which appears  
t o  be necessary i n  o rde r  t o  main ta in  g ross  s t a b i l i t y .  I t  could  be  t h a t  
t h e  o b j e c t  has  a p e c u l i a r  kind of m e t a s t a b i l i t y ,  i n  t h e  sense t h a t  a cer- 
t a i n  l e v e l  of non-ca tas t rophic  i n s t a b i l i t y  i s  necessary  t o  suppress  a 
c a t a s t r o p h i c  i n s t a b i l i t y .  One of  t h e  s i g n i f i c a n t  p o i n t s  about  t h e  f l a r e  
i n s t a b i l i t y  i s  t h a t  t h e  energy r e l e a s e d  by t h e  f l a r e  can be a l a r g e  f r a c -  
t i o n  of  t h e  s t o r e d  magnetic energy ,  which can be much l a r g e r  than t h e  
b inding  energy ( t h e  energy determining t h e  o s c i l l a t i o n  f r equency) ;  t h i s  
means t h a t  a f l a r e  must g ive  rise t o  a d r a s t i c  change (some kind of c o l -  
l a p s e )  i n  t h e  conf igu ra t ion  of  t h e  quasa r ,  bu t  t h e  n a t u r e  of t h i s  change 
has  no t  been s tud ied .  
T h i s  occurrence of low-level a c t i v i t y  i s  important  a l so  i n  t r y i n g  t o  
understand p e r i o d i c  phenomena, such a s  t h e  o s c i l l a t i o n s  of  3C 273. I t  i s  
no t  enough t o  have a mode of o s c i l l a t i o n ;  w e  must a l s o  have impulsive 
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d i s tu rbances  which can excite these  o s c i l l a t i o n s .  F l a r e s  w i l l  provide 
such e x c i t a t i o n  i f  they l ead  t o  s u f f i c i e n t l y  s t rong  dynamical impulses on 
t h e  quasa r .  
On bear ing  i n  mind t h a t  our model involves  a n  approximate ba lance  be- 
tween magnetic and g r a v i t a t i o n a l  f o r c e s ,  one can r e a d i l y  a p p r e c i a t e  t h a t ,  
s i n c e  a f l a r e  produces a sudden change i n  magnetic connec t ion ,  i t  w i l l  
also produce a sudden change i n  t h e  f o r c e s  t o  which a quasar  i s  s u b j e c t .  
I f  t h e  f o r c e s  are symmetrically d i s t r i b u t e d  around t h e  "equator" of t h e  
q u a s a r ,  t h e  p r i n c i p a l  r e s u l t  would be t h e  e x c i t a t i o n  of r a d i a l  o s c i l l a t i o n s .  
However, i f  t h e  f l a r e  i s  asymmetrical ,  involv ing  more decoupl ing on one 
s i d e  of t h e  quasar  than  on the  o t h e r ,  t h e  quasar  w i l l  then  be exposed t o  
a n  unbalanced f o r c e ,  which w i l l  produce a c c e l e r a t i o n  i n  t h e  d i r e c t i o n  
oppos i t e  t o  t h a t  i n  which t h e  decoupling has  occurred .  
One might suppose t h a t  an o b j e c t  as massive as a galaxy could ha rd ly  
exper ience  any s i g n i f i c a n t  a c c e l e r a t i o n ,  but  t h i s  i s  no t  so. A s  a s imple 
though extreme example, suppose t h a t  a f l a r e  were t o  decouple t h e  magnetic 
f i e l d  from one hemisphere ("East" or "West") of t h e  "nucleus" of 3C 273. 
Then t h e  magnetic f i e l d  which remains connected both to  t h e  nuc leus  and 
i n t e r g a l a c t i c  space w i l l  exert a f o r c e  of o r d e r  
2 1  2 
8n: 
F 2 2fiR - B 
4 3 . 8  4 1 . 3  
which amounts t o  10 dyne. S ince  t h e  mass i s  10 gm, the  r e s u l t i n g  
a c c e l e r a t i o n  i s  10 c m  sec . I n  o r d e r  t o  a p p r e c i a t e  t h e  magnitude of  
t h i s  a c c e l e r a t i o n ,  w e  may note t h a t  i t  would l ea6  t o  a c c e l e r a t i o n  t o  a 
r e l a t i v i s t i c  speed i n  only 10 sec, i . e . ,  3 years !  
2 .5  -2 
8 
The problem r a p i d l y  becomes complicated,  however, s i n c e  t h e  magnetic 
f i e l d  must r e a d j u s t  i n  response t o  t h e  movement of  t h e  quasar .  The f o r c e  
e x e r t e d  by t h e  magnetic f i e l d  w i l l  probably no t  change g r e a t l y  from i t s  
i n i t i a l  value u n t i l  t h e  displacement of t h e  quasar  i s  comparable wi th  i t s  
r a d i u s .  Hence a more meaningful set of numbers i s  provided by t h e  e s t i m a t e  
t h a t  t h e  quasar  w i l l  move a d i s t ance  equal  t o  i t s  r a d i u s  i n  10 sec, 
i . e . ,  50 days ,  and t h a t  by t h i s  t i m e  i t  w i l l  have a c c e l e r a t e d  t o  a speed 
-1 -1 
of 10  
6 . 7  
c m  sec , i .e . ,  a speed of o rde r  10,000 km sec . 9.2  
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One may obta in  ano the r  estimate of t he  maximum v e l o c i t y  which t h e  
quasar  could acqui re  by no t ing  t h a t  i t  cannot exceed t h e  speed a t  which 
t h e  magnetic f i e l d  can r e a d j u s t  t o  t h e  changes i n  boundary c o n d i t i o n s ,  
which i s  given by t h e  Alfven v e l o c i t y .  The Alfven v e l o c i t y  i n  t h e  i n t e r i o r  
of t he  model of t h e  quasar  3C 273 i s  10 c m  sec , b u t  i t  should be noted 
t h a t  i t  should be h igher  than  t h i s  immediately o u t s i d e  t h e  quasa r ,  s i n c e  
t h e  dens i ty  should drop o f f  sha rp ly  whereas t h e  s t r e n g t h  of  t h e  magnetic 
f i e l d  w i l l  n o t .  
9 .2  -1 
Our model t h e r e f o r e  provides  f o r  t h e  p o s s i b i l i t y  t h a t  a quasar  (or a 
ga laxy ,  f o r  t h a t  m a t t e r )  could acqu i r e  a h igh  v e l o c i t y  i n  a s h o r t  t i m e .  
Th i s  may h e l p  one t o  understand t h a t  abso rp t ion - l ine  measurements i n d i c a t e  
t h a t  a t  l e a s t  f o u r  quasa r s  are moving wi th  a speed of  o r d e r  10 c m  sec 
wi th  r e s p e c t  t o  t h e  n e u t r a l  gas  surrounding them. T h i s  poss i -  
b i l i t y  i s  a l s o  compatible wi th  t h e  view of Ambartsumian2' t h a t  groups of 
g a l a x i e s  sometimes have p o s i t i v e  t o t a l  energy ,  implying t h a t  t h e  group 
i s  d i s p e r s i n g ,  and t h a t  when a p a i r  of g a l a x i e s  are a s s o c i a t e d  wi th  s t r o n g  
r a d i o  emission (such as Cygnus A ) ,  they may i n  f a c t  be moving away from 
each o t h e r .  T h i s  p o s s i b i l i t y  a l s o  o f f e r s  t h e  prospec t  of understanding 
t h e  remarkable a s s o c i a t i o n s  of g a l a x i e s  and r a d i o  sou rces  which has  been 
d iscovered  and descr ibed  by Arp, a l though i n  ou r  view i t  remains very 
d i f f i c u l t  t o  accept  a s  real  t h e  a s s o c i a t i o n  of a galaxy wi th  a small red-  
s h i f t  and a quasar wi th  a l a r g e  r e d - s h i f t .  However, t h e s e  a s s o c i a t i o n s  
r ep resen t  only a small  f r a c t i o n  of t he  a s s o c i a t i o n s  noted by Arp, and t h i s  
small  f r a c t i o n  may prove t o  be chance co inc idences .  
8 -1 
25,26 ,27 ,28  
30 
The p o s s i b i l i t y  t h a t  a quasar  may, as a r e s u l t  of a g a l a c t i c  f l a r e ,  
have acqui red  a h igh  v e l o c i t y  r e l a t i v e  t o  t h e  surrounding i n t e r g a l a c t i c  
gas  has  t h e  important imp l i ca t ion  t h a t  t h e  magnetic f i e l d  may have a pa t -  
t e r n  which d i f f e r s  i n  an important  way from t h a t  dep ic t ed  i n  F igure  6 .  I f  
a quasar  i s  moving a t  h igh  speed r e l a t i v e  t o  the  surrounding plasma, t h e  
magnetic f i e l d  of t h e  quasar  w i l l  be deformed i n  a manner somewhat l i k e  
t h e  deformation of t h e  e a r t h ' s  magnetic f i e l d  by t h e  s o l a r  wind.31 
t h e  b i p o l a r  magnetic f i e l d  of t h e  quasar  would be deformed i n t o  a long b i -  
p o l a r  f l u x  tube ,  similar t o  t h e  "double-barreled" t a i l  of t h e  magneto- 
sphe re ,  and t o  t h e  model which w e  have proposed f o r  t h e  magnetic f i e l d  
of a coronal  s t reamer.  
Namely ,  
32 
16 
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If w e  cons ider  t h a t  t h e  magnetic f i e l d  of t h e  quasar  3C 273 may be of 
t h i s  form, w e  can immediately obta in  more s a t i s f a c t o r y  answers t o  two of 
t h e  qi ies t ions which ar ise  i n  our d i scuss ion  of t h i s  o b j e c t .  F i r s t ,  w e  
can understand why t h e  f l a r e  occurs only  over  a narrow range of a n g l e s ,  
appear ing  as a " j e t , "  r a t h e r  than over  a complete r i n g .  The f l a r e  would 
be confined t o  t h e  comet-like t a i l  of t h e  quasa r ,  which guarantees  a jet- 
l i k e  appearance.  Second, there  i s  no longe r  a s e r i o u s  discrepancy between 
t h e  estimate of t h e  magnetic f l u x  obta ined  from our  a n a l y s i s  of t h e  o s c i l -  
l a t i o n  frequency of t h e  nucleus of t h e  quasar  and t h e  estimate of t h e  f l u x  
de r ived  from our c a l c u l a t i o n  of t h e  magnet ic - f ie ld  s t r e n g t h  i n  t h e  j e t .  
I f  t h e  e n t i r e  f l u x  from the  nucleus i n  f a c t  pas ses  through t h e  - v i s i b l e  
j e t ,  then  t h e  f i e l d  s t r e n g t h  a t  t h e  t i p  of t h e  je t  would be gauss .  
There - i s  s t i l l  a discrepancy between t h i s  f i g u r e  and t h e  estimate of 
gauss  based on t h e  ene rge t i c s  of t h e  j e t ,  bu t  t h e  discrepancy i s  
now s m a l l  enough t h a t  i t  could be reso lved  - by choosing d i f f e r e n t  parame- 
ters f o r  t h e  nuc leus ,  e . g . ,  A = 10 , M = 10 42.5 16 .4  
In  o rde r  t o  understand and a t tempt  t o  c a l c u l a t e  t h e  exp los ions  of 
gm and R = 10 cm . 1 . 5  
quasars  and g a l a x i e s  which give rise t o  r a d i o  emiss ion ,  it i s  necessary  
t o  form a model of t h e  magnetic and plasma s t r u c t u r e  of t h e  o b j e c t .  Th i s  
s t r u c t u r e  must s a t i s f y  certain requirements  i n  o r d e r  t o  provide f o r  t h e  
s t a b i l i t y  (or m e t a - s t a b i l i t y )  of  t h e  o b j e c t ,  and f o r  t h e  p o s s i b i l i t y  of 
a plasma i n s t a b i l i t y  which can l e a d  t o  p a r t i c l e  a c c e l e r a t i o n  and subsequent 
r a d i o  emission.  However, w e  have a l s o  seen t h a t  t h e s e  i n s t a b i l i t i e s  may 
have dynamical consequences which are s t r o n g  enough t o  induce turbulence  
(which has  a macroscopical ly  s t a b i l i z i n g  i n f l u e n c e ) ,  r a d i a l  o s c i l l a t i o n s ,  
and also d i r e c t e d  motion w i t h  r e s p e c t  t o  t h e  surrounding i n t e r g a l a c t i c  
medium. The tearing-mode i n s t a b i l i t y  a lso has  t h e  important  consequence 
of  magnet ica l ly  de taching  the o b j e c t  from t h e  i n t e r g a l a c t i c  medium. G a -  
l a c t i c  f l a r e s  t h e r e f o r e  have s i g n i f i c a n c e  over  and above t h e i r  importance 
i n  producing r a d i o  (and sometimes o p t i c a l )  emission:  
f u l l  understanding of t h e  evolu t ion  and s t r u c t u r e  of quasars  and g a l a x i e s  
w i l l  depend upon a d e t a i l e d  understanding of galact ic  f l a r e s .  
i t  appears  t h a t  a 
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